Pressure and temperature dependence of the decomposition pathway of LiBH_4 by Yan, Yigang et al.
6514 Phys. Chem. Chem. Phys., 2012, 14, 6514–6519 This journal is c the Owner Societies 2012
Cite this: Phys. Chem. Chem. Phys., 2012, 14, 6514–6519
Pressure and temperature dependence of the decomposition pathway of
LiBH4
Yigang Yan,*a Arndt Remhof,a Son-Jong Hwang,b Hai-Wen Li,cd
Philippe Mauron,a Shin-ichi Orimoe and Andreas Zu¨ttela
Received 13th January 2012, Accepted 7th March 2012
DOI: 10.1039/c2cp40131b
The decomposition pathway is crucial for the applicability of LiBH4 as a hydrogen storage
material. We discuss and compare the diﬀerent decomposition pathways of LiBH4 according to
the thermodynamic parameters and show the experimental ways to realize them. Two pathways,
i.e. the direct decomposition into boron and the decomposition via Li2B12H12, were realized under
appropriate conditions, respectively. By applying a H2 pressure of 50 bar at 873 K or 10 bar at
700 K, LiBH4 is forced to decompose into Li2B12H12. In a lower pressure range of 0.1 to 10 bar
at 873 K and 800 K, the concurrence of both decomposition pathways is observed. Raman
spectroscopy and 11B MAS NMR measurements conﬁrm the formation of an intermediate
Li2B12H12 phase (mostly Li2B12H12 adducts, such as dimers or trimers) and amorphous boron.
Introduction
The development of viable hydrogen storage materials is one
of the key technologies to utilize hydrogen as a synthetic
energy carrier to replace the limited fossil fuels that are in use
today. Due to the high gravimetric (18 wt%) and volumetric
hydrogen density (122 kg m3), lithium borohydride (LiBH4) is
currently one of the most discussed materials.1–5 On the example
of LiBH4 the perspectives as well as the challenges of solid
hydrogen storage become visible. LiBH4 melts at 550 K and
decomposes into LiH, boron and H2 according to the following
reaction:
LiBH4- LiH + B + 3/2H2 (1)
The reverse reaction has been observed at 873 K under
150 to 350 bar H2.
6,7 Recently, extensive eﬀorts have been
mainly made to destabilize the compound and to improve its
reversibility.8–18 However, the decomposition and recombination
mechanisms of LiBH4 have not been fully understood.
The overall reaction for the decomposition and recombination
of LiBH4 can be expressed in reaction (1). Diﬀerent reaction
pathways leading to the ﬁnal products of LiH, boron and H2
have been proposed. Based on the observation of Li2B12H12 by
Raman spectroscopy19 and 11B NMR measurements,20 LiBH4
is considered to decompose according to reaction (2).
LiBH4- 5/6LiH + 1/12Li2B12H12 + 13/12H2 (2a)
- LiH + B + 3/2H2 (2b)
Another pathway involving diborane (B2H6) as an inter-
mediate has been proposed based on the detection of B2H6 in
the decomposition process of LiBH4.
21
LiBH4- LiH + 1/2B2H6- LiH + B + 3/2H2 (3)
Recent investigations also identiﬁed Li2B12H12 as a product
of the gas solid reaction between B2H6 and LiBH4 (reaction
(4)).22 Since B2H6 was observed as an impurity gas in the
dehydrogenation of LiBH4,
21 Li2B12H12 was proposed to be a
by-product of reaction (1) during the decomposition of LiBH4.
2LiBH4 + 5B2H6- Li2B12H12 + 13H2 (4)
The dehydrogenation pathway is very crucial for the applic-
ability of a hydrogen storage material. Stable intermediates
such as Li2B12H12 reduce the usable amount of hydrogen, as
they show signiﬁcant thermal stability that needs much higher
temperatures for further decomposition to boron.23 Volatile
intermediates such as B2H6 contaminate the H2 and may
poison the fuel cell. The intermediates Li2B12H12 and B2H6
also act as boron-sink, leading to the degradation in the
reversibility of the dehydrogenation reaction. The thermo-
dynamic parameters, i.e. the heat of reaction and the entropy
of reaction, determine the working conditions. Vice versa, the
reaction path is aﬀected by the external conditions. Thus by
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applying suitable conditions (temperature and H2 external
pressure), according to the thermodynamic parameters of the
possible decomposition reactions, the most suitable reaction
path may be selected. In the present study, we discuss and
compare diﬀerent decomposition pathways for LiBH4 according to
the thermodynamic parameters and show experimental ways to
realize them. This research provides new insights on understanding
the dehydrogenation mechanism of LiBH4.
Thermodynamic consideration
Fig. 1 shows the energy levels of LiBH4 for the decomposition
reaction involving the intermediate of Li2B12H12.
7,24,26 The
reaction enthalpy of the transformation from LiBH4 into LiH
and boron (reaction (1)) is determined to be 111 kJ mol1
(or 74 kJ mol1 H2) by both experimental measurements
7 and
theoretical calculations.25 We denote this as a process of direct
decomposition since no stepwise reaction is involved. The reaction
enthalpy of decomposition into Li2B12H12 (reaction (2a)) is
predicted to be 61 kJ mol1 (or 56 kJ mol1 H2),
26 which is
approximately 50 kJ mol1 (or 18 kJ mol1 H2) lower than
that of the direct decomposition (reaction (1)). Experimentally,
the formation of Li2B12H12 has been observed by Raman
spectroscopy and 11BMAS NMR.19,20 The direct decomposition
(reaction (1)) into LiH and boron seems kinetically favored,
whereas reaction (2a) via Li2B12H12 is obviously kinetically
hindered.27 To force the reaction via Li2B12H12 and overcome
the kinetic barrier, the temperature has to be high enough,
such as 873 K. At the same time, the direct decomposition has
to be suppressed by applying an external pressure. A too high
pressure on the other hand would stabilize the LiBH4 and
prevent the decomposition. The appropriate experimental
conditions were thus chosen according to the Van ’t Hoﬀ
plots of the reactions in Fig. 2.
At a temperature of 873 K, the equilibrium pressures (PH2)
of reactions (1) and (2a) are estimated to be 38 and 2750 bar,
respectively. Condition A with a H2 external pressure of 50 bar
at 873 K was thus chosen, where reaction (1) should be
suppressed and reaction (2) is allowed. On the other hand,
PH2 of reaction (2b) (i.e. the dissociation pressure of Li2B12H12)
at 873 K is predicted to be 0.2 bar. Conditions B and C, with
applied H2 external pressures (i.e. 10 and 2 bar, respectively)
between 38 and 0.2 bar at 873 K, were thus chosen for
comparison, where both reactions (1) and (2a) are thermo-
dynamically possible and the Li2B12H12 formed from reaction
(2a) could be kept. Under condition D, ﬁnally, i.e. in 0.1 bar
H2 at 873 K, the intermediate Li2B12H12 becomes unstable.
The temperature dependence of the decomposition reactions
was also investigated by ﬁxing the H2 external pressure at
10 bar while varying temperatures from 873 to 700K, symbolically
denoted as conditions B, E and F in Fig. 2. Thermodynamically,
the decomposition pathways at E and F are expected to be the
same as those at B and A, respectively.
The decomposition into LiH and B2H6 cannot be included
in Fig. 2, as it does not involve hydrogen. Experimentally, only
a low amount of B2H6 relative to the hydrogen released from
LiBH4 has been detected.
21 The amount of B2H6 released is
even smaller when the decomposition of LiBH4 takes places in a
H2 atmosphere.
28 As B2H6 is unstable at elevated temperatures,
it is diﬃcult to detect. However, B2H6 or its monomer, BH3,




The starting material (LiBH4, purity, 95%) was purchased
from Sigma-Aldrich Corp. The decomposition reactions of
LiBH4 were carried out as follows: 1 g of LiBH4 was placed in
a stainless steel reactor in a glove box ﬁlled with puriﬁed argon
Fig. 1 Simpliﬁed schematic enthalpy diagram of the decomposition
of LiBH4 involving the intermediate, neglecting the phase transitions.
Fig. 2 Van ’t Hoﬀ curves for LiBH4 and Li2B12H12 based on the
experimental and/or calculated DH and DS. V1, V2 and V3 represent
the Van ’t Hoﬀ plots of reactions (2a), (1) and (2b), respectively.
Conditions of A, B, C and D at 873 K with diﬀerent H2 pressures of
50, 10, 1 and 0.1 bar, and E and F with a H2 pressure of 10 bar at 800
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(dew point below 180 K). The reactor containing the LiBH4
was connected to a Sieverts device for evacuation and loading
of hydrogen. LiBH4 was dehydrogenated for 5 h under various
thermal and pressure conditions as described above (except for
the condition F which used 72 h duration for the reaction at
700 K).
Samples for XRD measurements were ﬁlled into glass
capillaries (diameter, 0.7 mm; wall thickness, 0.01 mm) and
sealed in the glovebox. XRD measurements were performed
using a Bruker D8 diﬀractometer and Cu Ka radiation
(l = 1.5418 A˚). The diﬀractometer is equipped with a Goebel
mirror and a linear detector system (Vantec). Raman spectra at
room temperature were obtainedwith a Bruker Senterra instrument
of 5 cm1 spectral resolution (spatial resolutionE 5 mm) using
a 532 nm laser. Solid state magic angle spinning (MAS)
nuclear magnetic resonance (NMR) spectra were obtained
using a Bruker Avance 500 MHz spectrometer with a wide
bore 11.7 T magnet and employing a boron-free Bruker 4 mm
CPMAS probe. The spectral frequency was 160.50 MHz for
11B nucleus, and the NMR shifts are reported in parts per million
(ppm) externally referenced to BF3O(CH2CH3)2 at 0 ppm.
Results
The XRD patterns of the samples after decomposition at 873 K
and diﬀerent H2 pressures are shown in Fig. 3. In sample A,
a small amount of LiH in addition to the undecomposed LiBH4 is
observed, indicating the partial decomposition of LiBH4. In
samples B, C and D, the diﬀraction peaks of LiBH4 disappear
and only those of LiH are observed with progressive increment in
quantity. There are no diﬀraction peaks from the intermediate
compound of Li2B12H12, probably due to its amorphous state.
The Raman spectra of the decomposed samples are shown
in Fig. 4. The bending and stretching modes of [B12H12]
2
around 800 and 2500 cm1, respectively, are observed in
sample A. This observation proves the decomposition of
LiBH4 into Li2B12H12 under 50 bar H2 at 873 K. However,
the kinetics of decomposition into Li2B12H12 under condition
A appears to be poor as its formation is in low quantity
according to the Raman spectrum.
In sample B, B–H vibrations of [BH4]
 disappear and those
of [B12H12]
2 become stronger, indicating that a lower H2
pressure of 10 bar facilitates the decomposition of LiBH4 into
Li2B12H12. There are also no B–H vibrations of [BH4]

observed in sample C; however, the fading of B–H vibrations
of [B12H12]
2 implies less Li2B12H12 in sample C, compared to
sample B. No B–H vibrations of [BH4]
 or [B12H12]
2 are
observed in sample D.
The decomposition products of A to D were further examined
by using 11B MAS NMR measurements, as shown in Fig. 5. In
sample A, except the peak at 41 ppm from undecomposed
LiBH4, other two peaks are observed: a sharp one at 15.6 ppm
and a board one at 12 ppm. The former corresponds well with
the reference of Li2B12H12, and the latter is considered to result
from combination of Li2B12H12 units such as dimers or trimers.
30
Then, the NMR results conﬁrm the decomposition of LiBH4 via
Li2B12H12 (reaction (2)) under condition A.
In samples of B, C and D asymmetric peaks at around
12 ppm in addition to small peaks at 41 ppm from LiBH4
are observed. These asymmetric peaks can be deconvoluted
into peaks at 12 ppm of Li2B12H12 adducts and peaks at
+4 ppm that can be attributed to amorphous boron (Fig. 6).
Similarly, the observation of Li2B12H12 related species in
samples B and C agrees well with the results of Raman spectra
in Fig. 4. The formation of amorphous boron in samples B
and C is considered to result from the direct decomposition of
LiBH4 according to reaction (1) rather than the decomposition
of Li2B12H12, since Li2B12H12 is theoretically predicted to be
stable under conditions B and C,26 as shown in Fig. 2. The
stability of Li2B12H12 is also experimentally veriﬁed, i.e. the
B–H vibrations of [B12H12]
2 (sample B) do not decay with
time, as displayed in Fig. 7. The coexistence of amorphous
Fig. 3 XRD patterns of samples decomposed at 873 K in a H2
atmosphere of (A) 50 bar, (B) 10 bar, (C) 2 bar and (D) 0.1 bar.
Fig. 4 Raman spectra of samples decomposed at 873 K in (A) 50 bar,
(B) 10 bar, (C) 2 bar and (D) 0.1 bar. n represents B–H vibration of
[BH4]
. Peaks (K) at 595, 750, 900 and 1080 cm1 are attributed to
B–H vibrations of [B12H12]
2, which are conﬁrmed by 11B MAS NMR
measurement in Fig. 5. B–B vibrations of amorphous boron are not
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boron and Li2B12H12 adducts in samples B and C indicates the
occurrence of both reactions (1) and (2a) under conditions B
and C, respectively. The amorphous boron in sample D may
be attributed to both reactions (1) and (2b).
The amounts of boron in diﬀerent chemical states, depending
on the pressure in the decomposition of LiBH4 at 873 K, are
displayed in Fig. 8. At an external pressure of 50 bar, only 1/3 of
[BH4]
 transfers to [B12H12]
2 and no amorphous boron is
observed. In the pressure range of 10 to 0.1 bar, [BH4]
 nearly
completely decomposes into [B12H12]
2 and amorphous boron.
The lower the external pressure, the more eﬃcient the LiBH4
decomposition, the smaller the amount of [B12H12]
2, the higher
the amount of amorphous boron.
The temperature dependence of the decomposition of
LiBH4 at the external pressure of 10 bar H2 was investigated,
and the decomposition products at diﬀerent temperatures of
873 K (B), 773 K (E) and 700 K (F) are examined by XRD and
Raman spectroscopy, as shown in Fig. 9 and 10, respectively.
In samples B and E, similar results are observed, i.e. LiH is
identiﬁed as the only phase by XRD and B–H vibrations of
[B12H12]
2 by Raman spectroscopy. This suggests the similar
decomposition products in samples B and E. In sample F,
small diﬀraction peaks of LiH observed by XRD and weak
B–H vibrations of [B12H12]
2 by Raman spectroscopy indicate
the partial decomposition of LiBH4 into Li2B12H12, similar to
sample A. Similar decomposition products obtained in samples
B and E and in samples A and F, respectively, prove the
consistence of thermodynamic consideration above.
Conclusion and discussion
Two diﬀerent dehydrogenation pathways of LiBH4, i.e. direct
decomposition into boron according to reaction (1) and decom-
position via Li2B12H12 into boron according to reaction (2), were
Fig. 5 11B MAS NMR spectra of samples A to D. Elemental boron
in amorphous state (a-boron from Sigam-Aldrich) and Li2B12H12 were
used as the references. Li2B12H12 adducts, such as dimers or trimers,
possibly originate from the combination of Li2B12H12 units.
30
Fig. 6 (A–D) Deconvolution of 11B MAS NMR spectra for samples
A to D. Experimental peaks are in black, ﬁtted in dark gray and
individual components in light gray.
Fig. 7 Raman spectra of LiBH4 kept in a H2 atmosphere of 10 bar at
873 K for 1, 5 and 20 h respectively. n represents B–H vibration of
[BH4]
, and the close circles (K) correspond to those of [B12H12]
2.
Fig. 8 The amounts of boron in diﬀerent chemical states of [BH4]
,
[B12H12]
2 and amorphous boron, respectively, after the decomposi-
tion of LiBH4 as a function of the external pressure at 873 K. The
amounts were calculated based on the peak areas of individual
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discussed and realized by choosing appropriate experimental
conditions. (a) Under conditions between plots V1 and V2 in
Fig. 2, LiBH4 is forced to decompose into Li2B12H12, and
the direct decomposition into boron is thermodynamically
suppressed. (b) Under conditions between plots V2 and V3,
the occurrence of both the decomposition into Li2B12H12 and
direct decomposition into boron is observed. The formed
Li2B12H12 is stable and tends to oligomerize into dimers or
trimers. Lower H2 pressure facilitates the direct decomposition
of LiBH4 into boron. (c) Under conditions below plot V3,
both pathways are possible. Boron (and LiH) will be the ﬁnal
decomposition product.
Due to the high equilibrium pressure of reaction (2a), a
two-step decomposition involving Li2B12H12 has not been
observed in pressure composition isotherms. Mauron et al.
measured isotherms from a starting H2 pressure of 20 bar at a
temperature in the range of 686 to 790 K.7 The starting
conditions are well below the Van ’t Hoﬀ curve (V1) in
Fig. 2. Under the starting conditions, LiBH4 is unstable against
the decomposition via Li2B12H12. This means that LiBH4 starts
to release hydrogen before the plateau pressure described by
V2 is reached, which could be attributed to the partial
decomposition according to reaction (2a).
Under the conditions A (50 bar H2, 873 K) and F (10 bar
H2, 700 K), the decomposition of LiBH4 via Li2B12H12 suﬀers
from the kinetic barriers, i.e. only small amounts of Li2B12H12
are observed and the majorities of LiBH4 are unreacted.
Lowering the H2 external pressure to the range of 10 to
0.1 bar at 873 K signiﬁcantly facilitates the decomposition of
LiBH4 (Fig. 3–6 and 8), indicating a strong kinetic inﬂuence of
the external pressure on the decomposition reaction. On the
other hand, when the H2 pressure is decreased to the range of
10 to 0.1 bar, the decomposition of LiBH4 to amorphous
boron (reaction (1)) is thermodynamically permitted, as shown
in Fig. 2. The formation of amorphous boron could subsequently
catalyze the decomposition of LiBH4 via Li2B12H12 by working
as the nucleation seeds,27 resulting in the formation of the large
amounts of Li2B12H12 under conditions B, C, D and E.
The poor kinetics of reaction (2a) probably originates from
the phenomenological clustering process from [BH4]
 to
[B12H12]
2. This process involves twelve individual [BH4]

units to deliver the necessary amount of boron, and is thus
restricted by mass transport.5,12,13 Recently, Hoang and
Van de Walle proposed a decomposition mechanism of LiBH4
that involves mass transport mediated by native defects.29 In
this mechanism, LiBH4 releases borane (BH3) at the surface or
interface, leaving the negatively charged hydrogen interstitial
(Hi
) in the material, which then acts as the nucleation site for
LiH formation. The diﬀusion of Hi
 in the bulk LiBH4 is
considered to be the rate-limiting step in the decomposition
kinetics. BH3 could subsequently decompose into B and H2, or
dimerize to form diborane (B2H6).
29 Li2B12H12 may be formed
from the further polymerization of the borane species and/or
the reaction with residual LiBH4.
22
[B12H12]
2 containing species have also been identiﬁed
among the decomposition compounds of other borohydrides
such as Mg(BH4)2 and Ca(BH4)2.
20,31 A general statement
however is not viable. As for the alanates, there is no general
decomposition route. In the case of LiBH4, the formation of
the stable intermediate may be partially circumvented due to
kinetic reasons, i.e. if a competing decomposition route is
favoured by its faster kinetics. To avoid the formation of
unwanted [B12H12]
2 containing intermediates, additives such
as MgH2, YH3, CeH2 or Al in an applied H2 atmosphere of
2 to 10 bar have been used to enable diﬀerent decomposition
routes.8,11,12,32–38 These external pressures are suﬃcient to prevent
reactions (1) and (2b), while the formation of Li2B12H12 according
to reaction (2a) is still thermodynamically possible. The role of
the additive is to bind the boron in the form of stable borides
(e.g. MgB2, YB4, CeB6 or AlB2). Higher hydrogen pressures,
which will slow the decomposition of LiBH4, are found to be
more favourable for the formation of borides.39,40
In the present work, we have demonstrated that the knowledge
of the thermodynamic properties of the hydride and its possible
decomposition products and intermediates allows ﬂexibility in
selection of the decomposition pathway by tuning the external
parameters such as pressure and temperature. In this way, it is
possible that, unwanted by-products or boron sinks that prevent
reversibility can be circumvented.
Fig. 9 XRD patterns of samples decomposed in a H2 atmosphere of
10 bar at (B) 873 K, (E) 773 K, and (F) 700 K.
Fig. 10 Raman spectra of samples decomposed in a H2 atmosphere
of 10 bar at (B) 873 K, (E) 773 K, and (F) 700 K. n represents B–H
vibration of [BH4]
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